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ABSTRACT 
 
 Glass is a hard, amorphous, and transparent or translucent substance, and it is 
examined in forensic science to place a person or object at a scene or with a victim when 
a crime is committed.  Due to its brittle nature when combined with some force, glass is 
often broken, and is then submitted as a type of trace evidence to a crime laboratory in 
cases such as hit and runs, breaking and enterings, and homicides.  Broken glass is most 
often obtained from bottles, windows, doors, and automobiles, and can easily be found on 
the street.  Previous published research has examined known samples of glass and 
compared these samples with their known categories or types of glass.  In this current 
research, a population study was conducted based on the collection and analysis of 
broken glass with unknown origins in Boston, MA.  Glass samples (n=100) were 
collected from the streets and sidewalks around Boston neighborhoods, and an analytical 
scheme, constructed by the Boston Police Department Crime Laboratory (Boston, MA, 
USA), was utilized for every sample.  This analytical scheme included physical 
characteristics, such as color, transparency, thickness, curvature and the observance of 
UV fluorescence.  Further instrumental analysis was performed using the Glass 
Refractive Index Measurement system (GRIM3®) for the measurement of refractive 
index and the Scanning Electron Microscope and Energy Dispersive Spectroscopy 
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(SEM/EDS) for elemental composition of each sample.  Refractive index varies with 
glass depending on the manufacturing process and its added components and is defined 
as the ratio of the speed of light in a vacuum to the speed of light in the substance.  Using 
an SEM/EDS it was possible to qualitatively determine the elemental components in each 
unknown glass sample.  Using this analytical scheme, it may be possible to distinguish 
every unknown sample of glass from each other using differences in physical, optical, 
and elemental characteristics.  This study showed the differences observed in a 
population of glass within the city of Boston, which ultimately could help with better 
statistics for testimony when asked about the significance of determining an inclusion or 
exclusion with casework samples.  
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1. INTRODUCTION 
1.1 Glass as Forensic Evidence 
 Glass can be defined as, “an inorganic product of fusion which has cooled to a 
rigid condition without crystallizing”.1  It is hard, brittle, and easily broken when some 
force is added.2  Glass is typically transparent or translucent. In forensic science, glass 
fragments can be found at a scene or transferred to a person or object during the 
commission of a crime.2  The physical, optical, and elemental properties of a glass 
fragment found on a suspect compared to a known sample is the basis for glass evidence 
analysis.3  When recovered, the fragments can be found to be similar to a possible source 
or eliminated from possibly being from a source.2  Large or small fragments may be 
found depending on the type of break which occurs to the glass during the commission of 
a crime.  When large fragments are discovered, characteristics like color and thickness 
can be measured for comparison, but when the glass transfer consists of only a very small 
fragment, refractive index and elemental composition are the only analyses that can be 
used for comparison.3  For forensic examination, apparent glass fragments are subject to 
a few basic questions.2  Is the fragment glass?  What is the class or product type?  Are the 
fragments in question from the same source?  What is the significance to finding the 
fragments to be indistinguishable?2  Some reasons why glass evidence is forensically 
significant are due to the use of raw earth materials, and the manufacturing and thermal 
history of each glass sample.   
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1.2 Glass Manufacturing  
 The importance of glass to forensic science as evidence lies in the fact that its 
presence is vast and the diversity in manufacturing and composition.2  Glass is 
manufactured by melting certain inorganic materials together including former, fluxes, 
and stabilizers.4  Formers are used as the basic ingredients to the structure of glass, 
typically SiO2.2 Fluxes are added to lower the melting temperature, such as trona which 
has been processed into soda ash (Na2CO3).  Stabilizers, like limestone (CaCO3) and 
dolomite (CaMg(CO3)2), are added to keep the glass intact and give it chemical strength.2  
Depending on the end use of the glass product, the combination of particular ingredients 
and manufacturing process will differ from glass to glass to optimize performance.4   
 The most commonly encountered composition of glass in forensic casework is 
soda-lime-silicate glass.5  Some common types of soda-lime-silicate glass encountered in 
forensic casework include flat glass, float glass, container glass, tempered glass, coated 
glass, and colored glass.5  Soda-lime-silicate glass is composed of quartz with added 
sodium, potassium, calcium, aluminum, and magnesium.2  This is most commonly used 
for the composition of flat glass, bottles and containers.2  Soda-lime glass can also be 
called crown glass, and it has somewhat low refractive index and low dispersion.6 Lead-
alkali silicate glasses are made and used for decorative glassware. It has a relatively high 
refractive index and high dispersion.  
 Lead-alkali silicate glass is used in neon-sign tubes and thermometers, but is more 
modernly replaced with barium oxide instead of lead oxide. Borosilicate glasses, or hard 
glasses, have a lower coefficient of expansion, meaning they can be used at higher 
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temperatures, have a higher melting temperature, and can endure more extreme thermal 
shock. These types of glasses are used in laboratory glassware, ovenware, and sealed 
beam headlamps. Another type of glass is fused silica glass. This is only used for very 
special purposes in laboratories and is very expensive.6 End-use is critical to the 
ingredients used and the manufacturing process of different types of glass.  
 The majority of glass is manufactured in a large furnace that can hold up to 1500 
tons of glass.6 Several hundred tons of glass per day can be produced from the furnace. 
Since raw materials aren’t always economically available, cullet glass, or broke scrap 
glass, is added to the mixture in the furnace to help fuse and melt all the materials 
together.6  Flowing as a rope of liquid glass from a furnace, container glass is 
manufactured in an automated process.2  This automation in modern glass manufacturing 
yields uniform products with minor variations.2  Due to breakdown of the furnace over 
time because of the molten glass eroding and dissolving areas of the furnace, trace 
variations in chemical and physical properties within and between production runs can be 
measured.  This variation may elude to the basis for differentiating glass objects 
manufactured with the same furnace.2,6  Although problematic for glass manufacturers, 
this variation in composition is helpful for comparison analysis in forensic casework.6 
 Float glass is manufactured by pouring the ingredients over a bed of molten tin, 
forming a very flat surface.7  The glass may fluoresce on one side due to the tin 
adhering.5  This fluorescence may be observed using a 254 nanometer (nm), short wave 
ultraviolet (UV) light source, and glass may be differentiated this way.5  Some forms of 
secondary glass processing include toughening/tempering, coating, and 
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coloring/decolorizing.4  Tempered or toughened glass is thermally strengthened through 
several rounds of heating and cooling and typically used in side automobile windows.7  
When broken, tempered glass forms small ‘diced’ glass fragments without sharp edges.7  
This reduces the chance of injury due to glass shards.2  Laminated glass, used as a safety 
glass in windshields, is manufactured with two layers of heat-strengthened glass with a 
layer of plastic between.2   
 Coated glass can be used for decoration, strengthening and protection, and 
technical reasons.4  A film or coating can be added to glass for these purposes.  Mirrors 
are a common example of coated glass.  A metallic backing is added to the glass for its 
reflective property.2  Colored glass is formed by adding oxides of transition metals and 
rare earth metals.  For example, small additions of cobalt will produce a blue color and 
iron and chromium oxide create a green color.  Adding trace amounts of particular 
elements will add color to the glass or create a colorless appearance to the glass.  
Decolorizing is another manufacturing process by adding elements which reduce the 
natural blue-green color of most glass caused by impurities in the raw materials.  
Elements such as arsenic, antimony, and selenium are used for decolorizing.2  Color is a 
significant physical discriminator when comparing glass samples.  
 Glass products such as optical lenses go through a secondary process called 
annealing to reduce the internal strains created by a series of rollers the molten glass a 
drawn through as to not change the optical properties.  Container glass and has 
substantial strain because it is not necessary to perform this secondary processing step 
due to its lack in need of uniformity throughout the product.2 
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 The manufacturing process creates a sturdy non-crystalline product, which is 
easily broken. Therefore, not only can certain events potentially be determined from the 
fracture patterns, but due to the breakage of glass there is a possibility of transfer to a 
suspect, and a potential comparison analysis.  
1.3 Glass Breakage and the Implications  
 There are three basic types of fractures:  low-velocity impact fractures, high-
velocity impact fractures, and heat fractures.2  Low-velocity impact fractures create radial 
cracks traveling away from the point of impact. Wallner lines, ridges on the broken edge 
of a radial crack, will also be seen perpendicular to the opposite side of the impact.  
Another type of mark seen in low-velocity impact fractures is a hackle mark.  These will 
reside at right angles to the ridges.2  Conchoidal fractures are shell-like fractures that are 
typically observed on the edge of window glass and hackle marks have been seen at right 
angles to the conchoidal fractures.8  These fractures can be seen during a physical 
examination under a stereomicroscope and noted to aid in the confirmation a fragment is 
in fact glass.  When glass is constricted on all sides, concentric cracks will form a circular 
pattern of cracks terminating between radial cracks.2  The “4R Rule” can be used to 
determine the orientation of glass fragments when trying to reconstruct a pane of glass or 
determine the direction of force of the impact.  “Ridges on Radial cracks are at Right 
angles to the Rear”.2  High-velocity impact fractures can produce coning or cratering 
with the backside exhibiting a larger opening.  Heat fractures are curved, smooth edged 
cracks called mirror edges, and there is no determined no point of origin.  Thicker panes 
of glass may experience feathered cracks due to heating.2  It is imperative to understand 
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the orientation of collected glass fragments for fracture fitting and reconstruction for 
determining impact directions.2  It is possible to get information about the impact 
sequence and the direction of force, given that enough samples are obtained for evidence. 
Information that can be produced includes: the type of force endured causing the fracture, 
the origin of the fracture, the direction of the force, the order of the fractures, the type of 
glass object from which it may have originated, and whether or not it is from a particular 
broken object.6  
 These broken glass fragments can be transferred to people or objects during the 
commission of the crime, but the number of fragments depends on some factors.9  The 
distance between the substrate surface and the breaking glass is one factor.  Some studies 
have shown glass can be found up to four meters from the origin of the broken object.10  
The closer an object or person is to the origin of the breaking glass, the more likely glass 
fragments will be transferred and the number of fragments will decrease as the distance 
from the breaking glass increases.11,12  Also the number of blows required to break the 
glass, or the greater the damage to the glass, is directly proportional to the number of 
glass fragments transferred.13,14  It is also seen that the person breaking the glass will 
have more fragments transferred to them than a bystander.11  Persistence of the glass on 
the recipient substrate is another important aspect since glass can be found deposited on 
clothing, and there are many factors influencing how much glass can be retained.9  The 
persistence of glass fragment depends on the type of material.  Clothing made of smooth 
materials like nylon and silk will retain less glass than rougher materials like wool or 
acrylic.13  The condition of the recipient material also affects the retention of glass 
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fragments.  For example, clothing that is wet will retain more glass than dry.13  The 
discussed studies of transfer and persistence primarily involve primary transfer, or when 
the person or object is in direct contact with the breakage.15 Secondary transfer can 
become problematic due to the impossibility of discerning whether particular glass is 
from a primary or secondary transfer.  Secondary transfer is glass transferred from a 
person or object to another person or object.16  It is, however, unlikely that a person will 
have retained glass fragments on their person if they are not present near the breakage.9  
Since glass is so easily broken and could be retained on recipient substrate, the forensic 
trace evidence community can compare a known and unknown piece of glass using an 
analytical scheme which starts with the physical examination of the glass evidence. 
1.4 Physical Examination  
 In the forensic science field, glass examinations begin with a physical 
examination including determining the size, shape, and thickness measurements, 
transparency, color, fluorescence, any possible surface features and the potential for a 
physical match.17  When comparing a known glass source from the scene of the crime 
and an unknown sample, it can be useful to try and perform a physical match.  Physical 
matching or mechanical fit is the only certain way to associate two or more broken glass 
fragments to each other to the exclusion of any other source.18  Physical match, also 
known as mechanical fit, is a highly suitable glass examination in forensic science.2  It 
can be positively determined that two or more pieces of glass came from a particular 
source.  Due to its amorphous property, no two glass objects will break in the same exact 
way.  Tempered glass, however, should not be compared through physical match due to 
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the nature of its fracture pattern.  If the apparent matching ridges of two glass samples 
don’t slip past one another when a small force is applied, the ridges are observed to 
match under a microscope, and any surface features line up, then this information 
provides evidence that the two pieces were once part of one another.2  If a physical match 
should be determined between a known and unknown glass sample, no further analysis is 
needed. In this study, however, it is assumed none of the samples are from the same 
source, so a mechanical fit was not performed as part of the analytical scheme.  
 To determine the other physical characteristics, a stereomicroscope can be used to 
aid in the magnification of smaller pieces.2  Flatness and thickness can be determined if a 
glass fragment has two parallel surfaces present.  Thickness is a significant observation 
due to the differences in end use for glass and the ways in which the product types are 
manufactured.  For example, laminated glass is going to be thicker than flat glass because 
of the manufacturing process with added layers needed for its specific use.2  For flat 
glass, the thickness range commonly encountered in forensic casework is a mere +/- 0.25 
mm.19  The variations in thickness are very minute, but can be a deciding factor when 
comparing two samples for forensic evidence.  Curved glass may indicate the product 
type as container or decorative glass.2 
 The color of glass should be viewed on a white background with natural light for 
comparison purposes.20  Most “colorless” glass actually demonstrates some minor color 
when viewed on a white background macroscopically or with a stereomicroscope.2  
Fluorescence, however, is determined using a UV lamp at 254 nm to determine whether a 
glass sample is float glass.  Most flat glass is manufactured as float glass and flows as a 
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molten ribbon onto the tin bed in an inert atmosphere, which results in a more transparent 
product, as opposed to translucent and opaque.2  
 Surface features on glass fragments can either be intentional or accidental during 
the manufacturing process.2  Intentional surface characteristics include those secondary 
processes like coatings for protection, strength, and decoration, as well as patterns in the 
glass that create textures, etchings/writing, and frosting.  Accidental surface 
characteristics include surface scratches, ream marks, rouge pits, and debris.2  Whether 
intentional or accidental, surface features observations, using a stereomicroscope, are a 
way to distinguish two samples of glass and compare an unknown sample back to a 
known source when the markings, coatings, or patterns are consistent with one another. 
 Another glass feature observation that can be made using a stereomicroscope is 
conchoidal fractures.  A stereomicroscope is simply two compound microscopes mounted 
together in one unit and directed at the same specimen area.2  When analyzing forensic 
casework, the stereomicroscope is the most widely used instrument.  The 
stereomicroscope is often used first to make preliminary observations of evidence.  It’s 
comprised of two low/moderate powered compound microscopes mounted together 
pointed to the same area at different angles.  In more modern stereomicroscopes, it is one 
large objective lens where each half uses part of the lens.  This microscope uses reflected 
light and allows for a large working distance for easier manipulation of evidence and 
providing a more realistic magnified image.2  Most forensic scientists focus on the 
physical characteristics when making glass sample comparisons, but there are other 
instruments that can aid in the examination for further discrimination. 
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1.5 Microscopic Examination  
1.5.1 Optical Examination  
 Following the physical examination of glass samples, it is essential to ensure the 
sample is positively glass and note its optical properties.  This can be accomplished using 
two instruments:  a polarized light microscope (PLM) and a glass refractive index 
measurement (GRIM3®) system.   
1.5.2 Polarized Light Microscopy  
 A PLM is the most powerful and adaptable microscope for analyzing trace 
evidence.2  It is comprised of an illumination system with a lamp and substage condenser 
necessary for optimal optical results.  Using the PLM, a microscopist can observe many 
optical properties such as refractive index, dispersion, birefringence, angle of extinction, 
sign of elongation, optic sign, and pleochroism/dichroism. Refractive index and 
dispersion are properties of all transparent materials and when they are constant in all 
directions of light, the material is isotropic.2  Polarized light travels in only one 
vibrational direction.21  Glass is isotropic, due to its non-crystalline state, meaning when 
the polarizer and analyzer are crossed in the light path of a PLM, total extinction or 
complete blackness is observed for the glass particles.22  Other materials, like some 
minerals and fibers, are anisotropic, meaning they have more than one refractive index 
and are birefringent, displaying color or a gray scale under the PLM with crossed poles.22  
Glass is unquestionably the most commonly encountered material with isotropic 
properties.2  
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1.6 Instrumental Analysis 
1.6.1 Refractive Index Measurements 
 A vast array of transparent particles are collected as forensic evidence including 
glass, pieces of plastic, fibers, and soil minerals.2  The determination of refractive index 
for these particles aid in identification, characterization, and comparison.2  Refractive 
index provides a high degree of discrimination between two samples of glass.22  
Refractive index is the most commonly encountered measurement in the examination of 
glass evidence, and provides precise measurements rapidly on tiny glass fragments to 
characterize the type of glass and differentiate glass samples from one another.2  It can be 
defined as the ratio of the speed of light in a vacuum to the speed of light in the medium. 
In other words, how far the glass can bend a beam of light.2   
1.6.2 Immersion Methods 
 Before the automation for the determination of refractive index with the GRIM3®, 
a set of liquids with a broad range of known refractive indices was used to match the 
refractive index of a glass sample.2 With a glass sample immersed in a liquid with a 
different refractive index, and the microscope focused, a dark line will develop, and when 
the microscope is slightly out of focus, a white halo, or Becke line, will appear.6 The 
Becke line method is the conventional method for determining the refractive index of a 
glass fragment in immersion liquids, silicon oils being the most widely used.2  When 
working distance, or the distance between the stage and the objective lens, is increased, 
the Becke line moves into the medium of the higher refractive index.2,6  At the boundary 
between the glass fragment and the oil, the Becke line appears due to the properties of 
12 
light and the difference in refractive index.22  The sample can be placed into silicone 
immersion oils with known refractive indices and observed using a compound 
microscope until a bracketed refractive index range can be determined. For rapid 
approximation, or the match point, when the fragment disappears into the oil, the 
refractive index has been obtained.2,23  This measurement is most precise when the edge 
of the fragment is at an 80° angle to the microscope slide.  Edges at 90° or edges that are 
thin or feathering can cause perplexed reflections and blurred Becke lines.2  The level of 
contrast is relative to the difference in refractive index between the glass fragment and 
the immersion oil.23  Another method of measuring the refractive index of glass using 
immersion oils is dispersion staining. This method utilizes a stop in the back focal plane 
of the objective in the polarized light microscope, and the differences in refractive index 
between the glass fragment and the oil are visualized by colored halos unique to the 
difference in wavelength to the match point.21  When comparing two glass fragments, the 
fragments, in theory, would have the same colored halos under white light using the 
PLM.2  The Becke line method and the dispersion staining method are both useful 
techniques for quick, preliminary screening when comparing two glass samples.  They 
are not sensitive enough though to be used solely to determine if an unknown glass 
sample came from a known source.2 
1.6.3 Automated Glass Refractive Index Measurement System 
 The GRIM3® instrument measures the refractive index of glass, and it produces 
great sensitivity and accuracy that is required when comparing glass samples for forensic 
casework.24  It is one of the most commonly used instruments in determining refractive 
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index in forensic laboratories.24  The GRIM3®, phase contrast microscope, and hot stage 
combination along with manual selection of Becke lines, uses oil immersion and 
temperature variation to measure the match temperature, and in turn, to measure the 
refractive index.22  Calibration of the automated method of the GRIM3® is required. A 
sequence of standard glasses with a range of refractive indices corresponding to the 
appropriate silicone oil are run on the GRIM3®, providing the data to construct a linear 
plot of refractive index versus the match point temperature.2  Using this calibration curve, 
any unknown sample of glass within the calibration range can be analyzed to determine 
its refractive index.2  Refractive index varies with temperature and differs more 
prominently in liquids than it does for solids.6  Most glass samples have a refractive index 
lying somewhere between 1.508 and 1.524.6 The quality of contrast of the boundary is 
very important in the GRIM3®’s ability to be reproducible and accurate.25  The phase 
contrast microscope aids in the observation of Becke lines by enhancing the contrast.2,21  
The refractive index of glass typically decreases with an increase in temperature; 
therefore, when a glass fragment is immersed in a standard oil with a known refractive 
index slightly higher than the glass fragment, it can be placed on a hot stage and analyzed 
while the instrument controls the temperature changes.6  While the temperature is varied, 
the GRIM3® optically scans the edge to detect a minimum contrast and converts the 
contrast signal into edge counts.2,26  The higher the edge count, the higher the contrast, 
and the superior the quality is for the determination of the refractive index of the glass 
particle.25,26  The match temperature, or match point, is the temperature at which the edge 
of the glass fragment disappears into the standard oil, or the temperature where the 
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refractive index of the glass fragment is equal to the refractive index of the silicone 
oils.22,24  There will only be a temperature zone of one or two degrees where the Becke 
line has disappeared.6  The silicone oils are classified into oil A, B, and C, where oil A 
works best for use with glass with a refractive index between 1.55663 to 1.53390, oil B is 
ideal for glass samples with a refractive index between 1.52903 and 1.50187, and oil C is 
best for glass ranging 1.48652 to 1.46409 in refractive index measurement.27  The 
software of the GRIM3® then uses the calibration curve to calculate the refractive index 
of each unknown fragment of glass submerged in the appropriate silicone oil.2,22,24  The 
system can analyze up to four glass fragment edges per run.26  Average refractive index, 
range, spread, and standard deviation are generated using this system.28  
1.6.4 Density of Glass 
 Density is a function of the elemental composition and the arrangement of the 
atoms in glass, and is it is measured in mass per unit volume (g/cm3).  The elemental 
composition being controlled by the ingredients added to batch, and the atomic 
arrangement is controlled by the heating and cooling processes of the batch of glass.29 
With the use of a density gradient, a comparison of densities of glass fragments can be 
performed.  A density gradient uses miscible liquids in layers, with the heaviest liquid at 
the bottom and the lightest at the top, in a tube.  When the glass fragment is added, 
theoretically, it will be suspended in the liquid that has the same density.2  The 
disadvantages to this method is that it only measures relative density, and the gradient is 
not easily prepared and cannot be reused.2,30  Another method to comparing glass 
fragment densities is called the sink-float method.2  This method uses only two miscible 
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liquids of differing densities mixed together, and the variation of the mixture and the 
temperature are altered to a point at which the two comparing fragments neither sink, nor 
float, but with a small temperature change, the fragments will rise and fall together if they 
were to have the same densities.2  The density of the liquid in which the fragment is 
suspended can then be measured using a density meter, which has a precision of 0.0001 
g/cm3.31 Refractive index measurements are now far more common than measuring 
density as a way to distinguish glass samples for a few reasons.  First, there is a size 
requirement for the glass fragment needed for the density measurement.9  Second, there 
lies a correlation between refractive index and density, and refractive index 
measurements can be performed much quicker and with smaller fragment.32  Third, 
density measurements used to require the handling of hazardous reagents.2   
1.7 Elemental Analysis 
 To further discriminate, an additional instrument can be used after the optical 
examination to help determine the elemental composition. Scanning electron microscopy 
with energy dispersive x-ray spectroscopy (SEM/EDS) is a rapid, nondestructive method 
of identifying elements along with its proficiency to identify single atoms of most 
elements.2,33   
1.7.1 SEM/EDS for Glass Casework 
 The SEM/EDS can be used in forensic casework to determine the elemental 
composition of glass, and is a widely used elemental microanalysis technique.  The 
SEM/EDS instrument analyzes the main elements in percentage weight.34  Elemental 
composition can be used to add discrimination to the analysis of glass of the same type 
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when the refractive index may not be able to discriminate.35  The main composition of 
most glass product types contain oxygen (O), sodium (Na), magnesium (Mg), aluminum 
(Al), silicon (Si), potassium (K), calcium (Ca) and iron (Fe).34  Glass manufacturers add 
particular elements for specific end-use products.2  Many glass types have overlapping 
refractive indices and similar physical properties, but vary in elemental composition.  
These trace elements due to coloring/decolorizing and chemical stability are measurable 
using the SEM/EDS.  An electron beam is focused onto the glass fragments causing the 
emission of secondary and backscattered electrons and x-rays.  This instrument uses the 
secondary and backscattered electrons to form the image and x-rays for elemental 
analysis.  The configuration of each atom corresponds to a specific energy of each x-ray, 
and these energies correspond to an element in the sample, and the intensities of the 
peaks correlate to the amount of the element in the sample for a specified amount of 
electron volts used.2  Identification of each element can be performed using the x-ray 
peaks corresponding to the excited electrons.36  The presence of particular elements 
provides a differentiating power among glasses made by different manufacturers, from 
different product lines, and even glasses produced on a different date in the same 
production line.2   
 There are some disadvantages to using the SEM/EDS in that quantitative analysis 
is not very reliable because precise and accurate quantitation of the concentrations of 
elements is not typically possible for reasons later discussed.2  One disadvantage of the 
automation of the EDS software is peak identification and elemental assignment is not 
always dependable.36  Identification of the peaks is automated and an algorithm is used to 
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locate and measure the photon energy of each peak, and then an element label is given to 
the peak based on the information from a library.  Although this automation is a helpful 
tool, it should only be considered as a suggestion to the analyst who must manually 
interpret each peak to ensure the assignments are accurate.  Failure to identify important 
peaks or misidentify particular elements is a disadvantage of the SEM/EDS system.  In 
order to help prevent this problem, automatic peak identification software parameters can 
be set. A peak threshold criterion can be set by manually entering a threshold on the size 
of a peak that is high enough above the background noise, but low enough to call trace 
and minor elements with smaller peaks.  To improve being able to see these trace and 
minor elements a longer spectral accumulation time is needed to increase the x-ray 
counts.  Another parameter that can be adjusted to prevent misidentification could be 
eliminating particular elements from the considered elements in the final peak 
identification. Excluding elements routinely being misidentified would reduce the chance 
these elements are identified as peaks. Another issue affecting the dependability of the 
quantitative results using SEM/EDS would be the geometry of the sample and the 
inability to control this factor.  This produces errors due to the uncontrollable size and 
shape of the sample, and can cause the results to lack diagnostic value.36  Its ability to 
provide quick, nondestructive elemental results, proves SEM/EDS works well for 
discrimination of glass samples in combination with physical and optical measurements.2  
SEM/EDS is not the only viable option for elemental analysis in forensic casework, 
therefore, other elemental instruments can be used  
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1.7.2 Other Elemental Analysis Instruments 
 Other than SEM/EDS, there are some alternative elemental analysis instruments 
that can be used to differentiate among glasses with similar refractive index.  X-ray 
induced x-ray fluorescence (XRF) is another instrument that is a popular analytical tool 
for elemental analysis of forensic evidence due to the simple sample preparation required, 
quick analysis, east of use, and the fact that it is a nondestructive technique.2,37  XRF uses 
an x-ray tube or radio isotopic source to induce high-energy X-rays onto a sample with 
sufficient energy to excite the electrons in the sample.37,38  The secondary X-rays emitted 
from the sample create a set of characteristic fluorescent X-rays that is unique to each 
element in the sample, and the intensity of the peaks given from the spectrometer 
generally correlates to the concentration of the element.37,38  Lower concentrations of 
elements with higher atomic numbers can be seen using XRF compared to SEM/EDS.  
Flameless atomic absorption spectrophotometry (FAAS) requires more sample 
preparation and consumes the glass sample but is advantageous because it is very 
sensitive for measuring glass fragments smaller than a milligram.  FAAS uses thermal 
vaporization and atomization of the sample to measure the absorbance of a beam of light 
that is proportional to the concentration of an element in the sample.  The rigorous 
sample preparation is not ideal, involving dissolving the sample in aliquots of solutions 
containing hazardous reagents. Another time-consuming factor when using FAAS is that 
only one element can be analyzed at a time, so when analysis of more than a few 
elements is required, the process becomes extremely labor-intensive.  Inductively coupled 
plasma (ICP) methods are the preferred methods with spectrochemical excitation source 
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for atomic emission spectrometry (AES) and an ion source for inorganic mass 
spectrometry (MS) being most common.  These methods inject a sample into plasma 
producing atomization, ionization, and excitation of the atoms in the sample.  Both 
methods have astounding detection limits and the ease of use of the automation makes for 
simple data handling.  ICP-MS detects limits much lower with well-defined sets of 
spectral interferences, longer linear working ranges, and can scan quicker, but it also 
comes with the disadvantages of complex sample preparation, and reduced analytical 
precision than ICP-AES.  ICP-AES can analyze a wide range of elements, but spectral 
and matrix interferences are limited.2  
 The objective of this study was to distinguish each unknown sample of glass from 
each other using their differences in physical, optical, and elemental characteristics using 
a PLM, GRIM3®, and SEM/EDS.  
1.8 Interpretation of Glass Evidence Results 
 While the analytical procedure for glass evidence is similar throughout the 
forensic science community, the way in which the significance of glass comparisons are 
interpreted for reporting in court are not always compatible.39  Some laboratories report 
the discrimination limitations: “the K [known] and Q [questioned] could have originated 
from the same broken glass pane or another source produced with the same physical and 
chemical characteristics”.39  Some analysts report the calculated chance that two glass 
samples will have similar physical characteristics, similar refractive indices, and the same 
elements present.  A more subjective tactic for reporting is to use a verbal scale to 
express the presence and absence of individual and class characteristics along with the 
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discrimination potential of the methods used for comparison.  Other objective methods 
previously discussed include the use of statistical tools to calculate likelihood ratios, t-
tests, and the Bayesian approach.39  The analyst must take into consideration the 
particular error rates involved, the standard deviations from normality or  lack of sample 
representation, and the unbiased sample collection for the databases.2  These factors must 
be acknowledged when reporting significance for the differentiation of forensic glass 
evidence samples.  The analyst must use the methods with the highest discriminating 
powers in combination to obtain an opinion with the greatest significance attached and to 
minimize false inclusions.  These techniques must incorporate independent parameters to 
yield results that will enhance the overall probative value in order to increase the level of 
confidence of the significance of a match or the significance of indistinguishability.2   
1.9 Previous Research  
 Previously published research have examined known types of glass samples and 
classified them into their prospective categories.40  Other published research on glass 
comparisons place unknown samples of glass into their prospective categories based on 
algorithms.41  Previous work comparing glass samples used different data sets and 
variables, along with various analysis mechanisms. Koons and Buscaglia calculated the 
probability of a coincidental match but used only data from refractive index and 
elemental composition.22  They determined that, by using only refractive index and 
elemental composition, the chance of finding a coincidental match between two glass 
samples of forensic evidence would be between 10-5 and 10-3.22   
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 Napier et al. demonstrated an online application for forensic casework involving 
scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM/EDS) 
measurements for glass fragments.34  Glass fragments can be effortlessly classified into 
use-type categories using this quick and simple mechanism, along with evaluating two 
sets of glass fragments.34  A common way to compare glass from a scene to the glass 
from a suspect is to use a two-step process, according to Curran and Campbell.42  This 
includes a match/non-match step, and if the two “match”, then the samples are assessed 
to determine the probability that a random sample would match. For this glass analysis 
process, the “3 sigma” method is typically used, but Curran and Campbell suggest using 
Hotelling’s T2 test instead. Hotelling’s T2 is a multivariant analysis, which allows for the 
analysis of a more accurate data set like the different concentrations of many elements in 
a glass sample.  This is opposed to a single data set like only using the refractive index of 
a glass sample.  This analysis process uses the glass evidence against the null hypothesis 
that glass from a suspect is from the same source as a known sample of glass from the 
scene of a crime.42  For the comparisons to be probative, the differences within the same 
glass pane must be examined.   
 Munger et al. determined the refractive index variation within panes of windshield 
glass from numerous types of vehicles.43  This gives a standard to which refractive index 
may vary within the same glass pane, which is critical when comparing two glass 
fragments to determine if they are from the same source or from a different source.43  
This previous research has shown the statistical significance when comparing glass 
22 
samples in forensic casework by using different statistical analyses, and each has its own 
advantages and disadvantages.   
1.10 This Study’s Research  
 The research conducted in this study focused on the analysis of unknown broken 
glass samples.  The samples (n=100) were obtained from all around the streets and 
sidewalks of Boston, MA and stored and analyzed at the Boston Police Department 
(BPD) Crime Laboratory.  The analysis of the glass samples included a physical 
examination, optical examination, and elemental analysis following the protocol listed in 
the Trace Evidence Manual of the BPD Crime laboratory.44  The GRIM3® and 
SEM/EDS were used as the primary instruments for refractive index measurement and 
elemental composition, respectively.   It was proposed that using the preceding 
combination of analyses it could be possible to distinguish each unknown sample of glass 
from all others at a level of discrimination.  The power of discrimination statistic could be 
used for future forensic science casework involving unknown glass samples and aid in 
testifying to a level of confidence when determining an inclusion or exclusion of glass 
samples.   
2. MATERIALS AND METHODS 
2.1 Sample Preparation  
 From the streets and sidewalks of Boston, Massachusetts, USA, samples (n = 100) 
of unknown glass were collected.  The samples were collected using a gloved hand and 
placed inside a glassine envelope and then into a small manila envelope.  The envelopes 
were labeled with the location where the sample was found, along with the date it was 
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collected and the initials of the collector on the tape seal.  The samples were entered into 
an Excel sheet and assigned a sample number.  Samples from the same vicinity were 
labeled with the same number and a letter following the number to distinguish them.  
Each piece was cleaned in a petri dish of distilled water with a cotton tip swab and 
allowed to dry before the physical examination.  
2.2 Physical Examination  
 The “Glass Analysis Protocol” in the Trace Evidence Manual constructed by the 
Boston Police Department (BPD) Crime Laboratory (Boston, MA, USA) was followed, 
beginning with a physical examination.44  All notes and observations were documented 
using the “Glass Examination Worksheet” used and provided by the BPD Crime 
Laboratory Trace Evidence Section (Figure 1).   
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Figure 1.  Glass Examination Worksheet.  The Glass Examination Worksheet 
was filled out for each glass sample.  
 
Observations were noted of the physical characteristics seen by the naked eye and with 
the aid of a stereomicroscope (Leica Microsystems, Wetzlar, Germany).44  A short 
description was noted including the size, measured using a ruler, the shape, color, 
transparency, and any other surface features seen by the naked eye.  The average 
thickness was measured by recording three measurements using a caliper (Fisher 
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Scientific, Waltham, MA, USA).  The three measurements were representative of the 
thickness of the entire sample and the average was taken using all three measurements. 
Using a stereomicroscope and a white background, a more detailed and magnified 
description of the surface features, color, and presence of conchoidal fractures was made. 
Both sides of the glass sample were observed under short wave ultraviolet light using a 
UV lamp (Edmund Scientific, Barrington, NJ, USA) at 254 nm.  Any fluorescence was 
noted, and if the sample fluoresced, the sample was determined to be float glass. This 
completed the physical examination for each unknown glass sample.  
2.3 Optical Examination  
 In preparation for the optical examinations, each glass sample was folded into a 
stack of paper, and using a hammer, the sample was crushed into smaller fragments.44  A 
representative glass fragment measuring a couple millimeters (mm) was chosen for 
mounting.  On a glass microscope slide, the representative glass sample was further 
crushed into a drop of the standard B oil (Locke Scientific, Hampshire, UK) with another 
drop applied after crushing the sample.  Then a glass cover slip was added.  
2.3.1 Polarized Light Microscope   
 The microscope slide was left undisturbed for a minute in order to settle the oil 
and fragments until they no longer displaced while viewing the sample under the 
microscope.  With the microscope slide placed on the stage of the polarized light 
microscope (Leica Microsystems, Wetzlar, Germany), the sample was viewed with 
transmitted light through the eyepiece. Then the analyzer, or second polarizer, was 
pushed into the light path, and the stage was slowly turned 360° to ensure observations in 
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all directions of light.  If the sample on the microscope slide presented total extinction, 
the sample was noted as isotropic, most likely a glass sample, which was then analyzed 
further. 
2.3.2 Refractive Index  
 The GRIM3® (Foster + Freeman, Evesham, Worcestershire, UK) instrument with 
hot stage (Mettler Toledo, Columbus, OH, USA) and phase contrast microscope (Leica 
Microsystems, Wetzlar, Germany) attachments was used to measure the refractive index 
of each glass sample. A quality control sample was prepared, run, and analyzed before 
each set of samples on each day the instrument was used, to ensure consistency and 
accuracy in the instrument and the results. For the daily quality control check, a fragment 
of standard glass, B6, (Locke Scientific, Hampshire, UK) was placed on a glass 
microscope slide with a drop of standard B oil. The fragment was crushed using the flat 
end of a pair of tweezers, and another drop of oil was placed on top with a glass cover 
slip.  This standard B6 microscope slide was placed on the hot stage of the GRIM3® 
system set at a wavelength of 589 nm and the temperature set to 76°C. Once the hot stage 
had equilibrated at this temperature, the crushed fragments were adjusted into focus with 
the microscope and four high contrast Becke lines were manually selected for 
measurement. The “Glass for GRIM3” software (Foster + Freeman, Evesham, 
Worcestershire, UK) collected the match point data and calculated the refractive index 
range and average for each selected edge using a calibration curve created previously and 
stored in the software. For the quality control sample, the average match temperature had 
to be within +/- 0.2°C from the yearly calibration match temperature of 73.78°C.44 After 
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ten edges, with a contrast number over 10, were selected and measured for the quality 
control sample and the overall average match temperature fell within the limits, the 
instrument was deemed ready for use on the unknown samples. For the unknown 
samples, the temperature was set to 25°C with the microscope slide on the hot stage to 
equilibrate to room temperature. Then the temperature was ramped up to 85°C for the 
majority of the samples. During the rise in temperature, the glass sample disappeared, and 
at that point the temperature increase was manually halted. The refractive index 
measurements were then made on 15 edges. The decrease and increase in temperature 
and contrast was represented by a graph created by the software and the peaks correlated 
with the match point temperatures (Figure 2).  
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Figure 2.  Glass Software Display.  Four Becke lines were selected on the fragments for one glass sample 
and the GRIM3® graphed the contrast change with the temperature varied.  
 
The average match temperature was determined when the two graphs crossed each other 
in the middle and the software used an equation from the calibration curve to calculate 
the refractive index for all of the edges selected.  This was performed for all 15 edges per 
sample, and an average refractive index was calculated for each sample. If the edge count 
was too low, or the refractive index range was an outlier, the data point was eliminated in 
the final calculation of the overall average refractive index for that sample.  This 
completed the optical examination for the unknown glass samples.44  
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2.4 Elemental Analysis  
 Finally elemental analysis was conducted using the JEOL IT300LV scanning 
electron microscope (SEM) (JEOL, Peabody, MA, USA) and attached Oxford XMaxN 50 
energy dispersive x-ray detector (EDS) (Oxford Instruments, High Wycombe, UK).44 A 
representative sample for each unknown glass was placed on a SEM specimen mount 
with a carbon adhesive tab then placed in SEM mount storage tubes until further 
elemental analysis was performed. The SEM stubs were coated in carbon using a 
Vacuum Sputter Coater and Carbon Evaporator (Denton Vacuum, Moorestown, NJ, 
USA) to inhibit charging and reduce thermal damage. The SEM stubs were placed inside 
the SEM/EDS chamber six at a time along with a Manganese (Mn) calibration standard 
stub. A snap shot of the sample holder was taken to easily travel from sample to sample 
while the SEM stubs were inside the chamber. The calibration standard stub was 
analyzed for daily quality control with the following parameters: 10 mm working 
distance, 20 kV, processing time of 6, and aperture 3. Working distance, measured in 
millimeters, is the distance between the SEM stub and the detector. Kilovolts (kV) refer 
to the amount of energy needed from the beam in order to interact with the sample. 
Processing time accounts for the amount of resolution received on a spectra versus the 
amount of time the sample is scanned. Therefore, with a process time of 6, the highest 
available process time, the most resolved spectra is obtained, however, it has the longest 
scan time.  Aperture refers to the size of the opening, which allows a certain size of the 
electron beam to penetrate the sample. The daily quality control on the Mn standard for 
the x-ray detector had to fall within +/- 10 eV of the manufacturers accepted value.  
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 Then elemental analysis was performed for each unknown glass sample with the 
following parameters:  working distance of 10 mm, 20 kV, a processing time of 4, and 
aperture 2, and using a backscattered electron detector.  After obtaining an image of a 
sample (Figure 3), three representative areas on one fragment on each stub were analyzed 
using the Point & ID mode on the AZtec software (Oxford Instruments, High Wycombe, 
UK) and an x-ray spectra were acquired. 
 
 
Figure 3.  SEM Image.  An image was taken by the SEM for each glass sample 
and three representative points on a fragment were analyzed.  
 
These spectra were overlaid for each sample and the observed elements were identified 
and labeled at their specific peaks by the software and subsequently confirmed by the 
analyst (Figure 4).  
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Figure 4.  SEM/EDS Spectrum.  Three spectra from a glass fragment were 
collected and the appropriate elements were called and labeled.  
 
For samples with a coating, color, or odd markings, more than one set of spectra were 
collected to get the most representative set of spectra for analysis. The data from the 
physical and optical examinations (Appendix A) were compiled with the EDS spectra 
(Appendix B) and SEM images (Appendix C).  This compiled data was used for the 
comparison of all 100 samples of unknown glass.   
2.5 Assessment Study  
 An assessment study was completed using three unknown samples from the 100 
collected glass samples. They were distributed as Item 1, Item 2, and Item 3 to two trace 
evidence analysts at the Boston Police Department Crime Laboratory. Analyst 1 had been 
working in a crime laboratory for 17 years and been authorized to perform glass 
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casework for 15 years prior to this study. Analyst 2 had been working in a crime 
laboratory for 12 years and authorized to perform glass casework for 9 years prior to this 
study.  Using the previously discussed analytical scheme, the two analysts completed the 
physical, optical, and elemental analyses for each of the three items given at separate 
times. The analysts completed a Glass Examination Worksheet for each Item, along with 
a completed Glass Examination Analysis Results form created specifically for this study 
(Figure 5).   
 
 
Figure 5.  Assessment Study Results Worksheet.  The Glass Examination 
Analysis Results form was filled out for each item by each analyst and used for 
comparison with the unknown samples data set.  
 
They were each given the data for all 100 unknown glass samples and asked to compare 
their results for each item to the 100 unknown samples’ results to obtain the most likely 
unknown glass similar to each of their assessment study items’ results.  
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3. RESULTS AND DISCUSSION 
3.1 Comparison Algorithm 
 The data from the analytical scheme including the physical, optical, and elemental 
properties, were integrated and analyzed to determine the number of possible glass 
matches that were indistinguishable from one another.  To calculate the number of 
possible match comparisons for this study, the binomial coefficient was used. The 
binomial coefficient  can be read “n choose k”, where n is the total number of items 
and k is the number of items in each set.45  It is used to find the total number of unique 
pairs of a given set.  This algorithm is given by:  
n C k  , where, in this case, n = 100 and k = 2.45  
Mathematically, this results in the possibility of having 4,950 pair comparisons.  Each 
pair comparison was assessed to study the discrimination power of trace evidence 
analysis as it pertains to glass samples using a validated analytical scheme.  
3.2 Physical Examination Comparison 
 The 100 unknown glass samples were first discriminated by the color seen by the 
naked eye of the analyst and placed into nine color classifications (Figure 6).   
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Figure 6.  Color Distribution.  The 100 samples of unknown glass were separated into color groups.  
 
About two thirds of the samples were found to be colorless or clear, and the remaining 
one third of the samples were a combination of black (green/grey tint), dark blue, blue-
grey, light blue, blue-green, green, brown, and yellow tints.  Distinguishing the glass 
samples by color was not enough to discriminate all the samples from each other because 
there were many samples that compared similarly in color.  The glass samples were also 
sorted by shape and it was found that almost half were determined to be flat, about a third 
of the samples were slightly curved, seven samples were cubed or “diced”, twelve were 
curved, and 4 were irregular in shape (Figure 7).  
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Figure 7.  Shape Distribution.  The 100 unknown samples of glass were discriminated by the 
shape they displayed.  
 
Discriminating the glass samples by shape also did not allow for the discrimination of all 
the possible pairs of glass samples from one another since the majority of the samples 
were either flat or had some curvature to them, leaving only a few different glass shape 
categories to fall into.  The average thickness for each sample was recorded and the 
thickness frequencies by 0.5 mm ranges were graphed (Figure 8).  
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Figure 8. Thickness Occurrence.  The frequency of thickness measurements in millimeters for 
each unknown glass sample was calculated.  
 
The samples measured from a thickness of 1.05 mm to 9.40 mm.  The majority of 
the glass samples fell between 2 mm and 3.5 mm, proving the samples could not 
be distinguished solely based on their measured thickness.  The data from two of 
the physical discriminating characteristics, thickness (sorted by 0.5 mm ranges) 
and color, were incorporated into a graph to narrow the number of possible pair 
comparisons that could be discriminated (Figure 9).  
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Figure 9.  Color by Thickness Occurrence.  Unknown glass samples were sorted by color and by 
thickness. 
 
Beginning the discrimination analysis, thickness and color were both applied as a factor, 
and from this it was understood that there was not enough discriminating power with just 
two of the physical characteristics to distinguish at least half of the samples from one 
another, but the discriminating power increased with each comparison.  In an attempt to 
differentiate each sample from its pair, further instrumental analysis was employed.  
3.3 Refractive Index Comparison 
 Using the GRIM3® system, averages and ranges of the match temperatures were 
recorded, then the “Glass for GRIM3” software converted these to the averages and 
ranges of refractive indices for each glass sample.  The average match temperatures 
ranged from 50.11°C to 91.57°C.  The average refractive indices were recorded and 
graphed by occurrence (Figure 10).  
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Figure 10.  Refractive Index Frequency.  Rounded to the nearest thousandth, the average 
refractive index for each sample was summarized.  
 
The average refractive indices ranged from 1.51274 to 1.52976.  Seventy-one of 
the one hundred samples (71%) had a refractive index between 1.519 and 1.521.  
Being that refractive index is the most differentiating factor between different 
types of glass, this factor was used in combination with other differentiating 
factors until the highest discriminating power was achieved.  The average 
refractive index and thickness were incorporated together first (Figure 11).  
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Figure 11.  Refractive Index v. Thickness.  The average thicknesses for each sample along with 
each sample’s average refractive index were combined.  
 
Applying both refractive index and thickness led to a large number of glass samples 
falling within the same range and indistinguishable.  To further increase the 
discriminating power, refractive index, thickness, and color were all used to determine 
the number of pair comparisons indistinguishable from one another (Figure 12).  
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Figure 12. Number of Pair Comparisons Before Surface Features Included.  Twenty-four match pairs 
were indistinguishable from one another based on color, thickness, and refractive index measurements.  
 
To be considered similar, glass pairs had to be within the first or second standard 
deviations of one another for refractive index.44  The thickness range was categorized into 
~ 1 mm between samples (Figure 12).  Twenty-four of pair comparisons (twenty-six total 
glass samples) appeared to be similar to one another through this comparison.  Up to this 
point, the number of glass pair comparisons that could not be distinguished from each 
other decreased based on the addition of the discriminating factors.  When color, 
thickness, and refractive index of each sample within two standard deviations of each 
other were used for discrimination, the number of glass pair comparisons were greatly 
narrowed, individualizing 99.52% of the samples. Adding to the discriminating power, 
the thickness range was narrowed to 0.25 mm for flat or cubed glass comparison 
combinations and 0.5 mm for combinations of glass pairs that involved curved, slightly 
curved, or irregular shaped glass samples (Figure 13).  
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Figure 13.  Number of Pair Comparisons Before Elemental Analysis.  Six glass pairs were 
indistinguishable from one another using the physical characteristic discriminating factors, 
refractive index, and after narrowing the thickness range.   
 
Surface feature characteristics like frostings, coatings, and markings were also used as a 
discriminating factor in Figure 13.  Based on the combination of the physical 
examinations and microscopic examinations, all but six pair comparisons (eleven total 
glass samples) were differentiated from its pair, which calculates a discriminating power 
of 99.88%.   
3.4 Elemental Analysis Comparison 
 Finally, using the SEM/EDS elemental analysis results, another discriminating 
factor was added (Figure 14).  
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Figure 14.  Number of Pair Comparisons After Elemental Analysis.  Using all of the physical, 
optical, and elemental properties of glass for analysis, only three unknown glass sample pairs could 
not be discriminated from each other.  
 
After using the narrower thickness range, color, shape, surface features, refractive index, 
and elemental composition all together as discriminating factors, this decreased the 
number of pair comparisons unable to be distinguished, and in turn, increased the 
discriminating power (Table 1).   
Table 1.  Number of Pair Comparisons Progression.  Adding the discriminating properties of glass, 
decreased number of pair comparisons in each color category. 
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Mathematically, there was the potential of 4,950 pair combinations, in which the one 
hundred analyzed samples could have compared and possibly been indistinguishable.  
Three pairs (five total glass samples) could not be distinguished out of the 4,950 possible 
pairs after using the data from the full analytical scheme, meaning 99.939% of the pair 
comparisons were discriminated and 95% of the one hundred samples were 
individualized.  Any unknown sample of glass can be differentiated from another 
unknown sample of glass in this evaluation with a certainty of 99.939%.  This study 
showed the differences observed in a population of glass within the city of Boston, which 
ultimately could help with better statistics and give a certainty to the probative value of 
glass evidence for testimony when asked about the significance of determining an 
inclusion or exclusion with casework samples. 
3.5 Assessment Study  
 The results for each of the three samples chosen for the assessment study (Item 1 
– Sample 51A, Item 2 – Sample 23, and Item 3 – Sample 43) were gathered and used in 
comparison to the results from the two analysts involved in the study (Table 2, Appendix 
E).   
Table 2.  Assessment Study Data.  The results for the assessment study samples were compiled for 
comparison purposes. 
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The results of the assessment study were obtained from the Glass Examination Analysis 
Results form. The unknown glass most similar to each of the assessment study items was 
noted. The range and average match temperature, range and average refractive index, and 
elements present in the sample were also noted (Table 3, Table 4). 
Table 3.  Assessment Study Refractive Index Results.  GRIM3® analysis results from the assessment 
study yielded similar results. 
 
 
 
Table 4.  Assessment Study SEM/EDS Results.  The elementals seen from the spectra of the SEM/EDS 
analysis were noted. 
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The assessment study conducted three final results from each analyst (Table 5). Both 
analysts provided the correct glass sample numbers for Item 1 and Item 2; however, only 
one analyst came up with the correct glass sample number for Item 3.  
Table 5.  Assessment Study Final Results.  Three unknown glass samples were analyzed and 
compared to a library of 100 unknown glass samples as an assessment study to further examine 
the discriminating power between the samples.   
 
 
 
The glass assessment study yielded some utilizable data and insight to the laboratory 
protocol when observing unknown glass samples. The two analysts gathered very 
comparable data for the match temperature and refractive index measurements for each 
item, and the elemental results varied only slightly. This showed impeccable inter-
laboratory reproducibility when using refractive index measurements. One analyst had a 
difficult time obtaining reproducible elemental results; therefore, less value was placed 
on the SEM/EDS results for comparison, creating the “non-match” for Item 3.  However, 
since the mean refractive index of the unknown Item 3 fell within 2 standard deviations 
of the mean refractive index of the known glass sample, this analyst would have 
continued with further examination on the SEM/EDS to obtain elemental results.  After 
discussing the results, this analyst decided more value would be placed on the elemental 
composition and also on the shape of the glass in further comparisons since the sample 
chosen was closest to only the match temperature instead of overall closest to refractive 
index, elemental composition and shape all combined.   
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 Good inter-laboratory reproducibility was observed between Analyst 1 and 
Analyst 2, but there was slight discrepancy in the reproducibility between studies in the 
elemental results.  The initial study was performed by a less experienced scientist, and 
therefore not as highly trained to determine the elements present and not present in the 
spectra.  This explains the difference in some elements present in the results from Analyst 
1 and Analyst 2 that were not present in the results from the initial study. For example, in 
Item 1, Titanium (Ti) was noted as present by both analysts, but it was not observed in 
the initial study.  This study was done to remove bias and to demonstrate the analytical 
scheme worked when comparing unknown glass samples to a known set of glass analysis 
data.   
4. CONCLUSIONS 
This study looked at a population of 100 unknown samples of glass within the city 
of Boston using a validated glass analysis scheme to define a discriminating factor in 
order to give weight to the significance in determining an inclusion or exclusion of glass 
match comparisons in forensic casework.  Physical, optical, and elemental properties of 
the glass samples were observed using a stereomicroscope, PLM, GRIM3®, and 
SEM/EDS forensic analysis instruments.  It was determined that incorporating the data 
from each examination in the analytical scheme as a factor of differentiation increased 
the discriminating factor.  Even through a large amount of the glass samples were 
measured to be similar by refractive index measurements, it was still the most 
discriminating factor in the analytical scheme, therefore, the data from other 
examinations was added to further individualize the samples.  Upon integrating all the 
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significant discriminating factors, it was determined that any unknown sample of glass 
can be differentiated from another unknown sample of glass in this evaluation with a 
certainty of 99.939%.  Only a small number of samples were unable to be individualized 
using the previously discussed analytical scheme.  The assessment study resulted in 
impeccable inter-laboratory reproducibility.  It also confirmed that the collected 
population study data could be used to work backwards and examine an unknown sample 
and match its data to a sample in the population study, proving the statistical analysis 
5. FUTURE DIRECTIONS 
 Previously published work on glass comparisons did not use each of the physical, 
optical, and elemental analysis results for the comparisons nor did they conduct an 
assessment study. This study utilized SEM/EDS instead of laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) for elemental analysis unlike the 
majority of the previous work on glass comparison analysis. A few future considerations 
that could complement this study would be increasing the voltage during SEM/EDS 
analysis. Increasing the voltage may allow for more elements to be seen at higher 
electron volts on the spectrum which are not as prevalent, but could be more 
differentiating. Also, XRF and LA-ICP-MS are both more powerful elemental techniques 
than SEM/EDS. These techniques could be used in place of SEM/EDS and yield more 
elemental data not seen with the SEM/EDS that may increase the discriminating power.  
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Sample	No. Location	 Date	Collected Color Shape Size	(mm)	
1 Sign	at	Ruggles	T-stop	near	Ruggles	St.	 2/14/2018 Light	blue	tint	 Cubed	 19	x	8
2A Northampton	St.	and	Shawmut	Ave.	 5/24/2018 Colorless Slightly	curved	 17	x	6
2B Northampton	St.	and	Shawmut	Ave.	 5/30/2018 Colorless Slightly	curved	 15	x	10
3 Titus	Sparrow	Park	 5/24/2018 Colorless Flat	 33	x	12
4A Kenmore	St.	and	Commonwealth	Ave 5/24/2018 Colorless Curved 15	x	8	
4B Kenmore	St.	and	Commonwealth	Ave 5/24/2018 Brown Slightly	curved	 23	x	28
5 W.	Concord	St.	and	Washington	St.	 5/24/2018 Colorless Various	curves 16	x	17
6 Public	Alley	804	and	Northampton	St.	 5/22/2018 Colorless Slightly	curved	 48	x	19
7 Waltham	St.	and	Shawmut	Ave.	 5/26/2018 Blue-green	tint	 Flat	 29	x	35
8A E.	Newton	St.	and	Washington	St.	 5/26/2018 Light	blue	tint	 Flat	 45	x	19
8B E.	Newton	St.	and	Washington	St.	 5/30/2018 Colorless Flat	 19	x	8	
9 Union	Park	St.	and	Washington	St.	 5/26/2018 Colorless Flat	 19	x	13	
10 Shawmut	Ave.	and	W.	Brookline 5/26/2018 Colorless Curved 18	x	10	
11A Shawmut	Ave.	and	W.	Dedham	St.	 5/27/2018 Colorless Curved 20	x	12	
11B Shawmut	Ave.	and	W.	Dedham	St.	 5/30/2018 Brown	 Flat	 14	x	7	
12 Blackstone	Square 5/27/2018 Colorless Slightly	curved	 32	x	13	
13A Harrison	Ave.	and	Worcester	Sq.	 5/30/2018 Light	blue	tint	 Slightly	curved	 24	x	10	
13B Harrison	Ave.	and	Worcester	Sq.	 5/30/2018 Blue-green	tint	 Flat	 15	x	9
13C Harrison	Ave.	and	Worcester	Sq.	 5/30/2018 Colorless Irregular	 12	x	9	
14A Harrison	Ave	and	E.	Springfield	St.	 5/27/2018 Colorless Slightly	curved	 22	x	12	
14B Harrison	Ave	and	E.	Springfield	St.	 5/30/2018 Colorless Flat	 19	x	10	
15A Massachusetts	Ave.	and	Harrison	Ave.	 5/27/2018 Colorless Flat	 12	x	8	
15B Massachusetts	Ave.	and	Harrison	Ave.	 5/28/2018 Colorless Flat	 13	x	15
16A Massachusetts	Ave.	and	Shawmut	Ave.	 5/28/2018 Brown	 Flat	 13	x	9	
16B Massachusetts	Ave.	and	Shawmut	Ave.	 5/28/2018 Colorless Slightly	curved	 25	x	19
17A Massachusetts	Ave.	and	Washington	Ave. 5/28/2018 Colorless Flat	 17	x	19	
17B Massachusetts	Ave.	and	Washington	Ave. 5/30/2018 Brown	 Slightly	curved	 31	x	14
18A Anthony	RIP	Valenti	Way	near	Boston	Beer	Works 5/28/2018 Brown Slightly	curved	 20	x	16	
18B Anthony	RIP	Valenti	Way	near	Boston	Beer	Works 5/28/2018 Blue-green	tint	 Flat	 25	x	9	
18C Anthony	RIP	Valenti	Way	near	Boston	Beer	Works 5/28/2018 Colorless Flat	 15	x	13	
19 New	Chardon	St.	 5/28/2018 Brown Flat	 19	x	24
20 Faneuil	Hall	near	Sissy	K's	 5/28/2018 Colorless Slightly	curved	 12	x	12	
21 State	St.	and	Surface	Rd.	 5/28/2018 Colorless Slightly	curved	 27	x	12	
22 Canal	St.	and	Beverly	St.	 5/28/2018 Green Curved 25	x	21
23 Milk	St.	and	Atlantic	Ave.	 5/28/2018 Blue-green	tint	 Flat	
19	x	5																						
6	x	4
24 Friend	St.	and	New	Chardon	St.	 5/28/2018 Colorless Slightly	curved	 24	x	23	
25 Canal	St.	and	New	Chardon	St.	 5/28/2018 Brown	 Flat	 19	x	20	
26 Prince	St.	and	Hanover	St.	 5/28/2018 Colorless Slightly	curved	 18	x	17
27A Northampton	St.	and	Harrison	Ave. 5/28/2018 Colorless Flat	 30	x	14
27B Northampton	St.	and	Harrison	Ave. 5/30/2018 Colorless Slightly	curved	 19	x	14
28 Washington	St.	and	E	Brookline	St.	 5/30/2018 Colorless Flat	 19	x	21
29 Shawmut	Ave.	and	Upton	St.	 5/30/2018 Colorless Flat	 12	x	13	
30A Shawmut	Ave.	and	San	Juan	St.	 5/30/2018 Light	blue	tint	 Slightly	curved	 20	x	12	
30B Shawmut	Ave.	and	San	Juan	St.	 5/30/2018 Colorless Slightly	curved	 22	x	20	
31 Washington	St.	and	Worcester	St.	 5/30/2018 Green Flat	 26	x	16
32 Washington	St.	and	Rutland	Sq.	 5/30/2018 Brown Slightly	curved	 15	x	19
33 Washington	St.	and	W	Springfield	St.	 5/30/2018 Colorless Flat	 15	x	12
34 Shawmut	Ave.	and	Union	Park	St.	 5/30/2018 Green Slightly	curved	 26	x	15
35 Harrison	Ave.	and	E.	Newton	St.	 5/30/2018 Colorless Irregular	 8	x	9	
36 Harrison	Ave.	and	Public	Alley	719 5/30/2018 Colorless Flat	 18	x	10	
37 Harrison	Ave.	and	Public	Alley	716 5/30/2018 Colorless Flat	 16	x	10	
38 Harrison	Ave.	and	W.	Springfield	St.	 5/30/2018 Colorless Cubed	 10	x	10
39 E.	Newton	St.	and	Washington	St.	 5/30/2018 Colorless Cubed	 8	x	9
40 Malnea	Cass	Blvd.	and	Washington	St.	 6/15/2018 Colorless Slightly	curved	 22	x	13  
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Sample	No. Location	 Date	Collected Color Shape Size	(mm)	
41 Malnea	Cass	Blvd.	and	Shawmut	Ave.	 6/15/2018 Light	blue	tint	 Flat	 12	x	16
42 Malnea	Cass	Blvd.	and	Kerr	Way	 6/15/2018 Light	blue	tint	 Cubed	 7	x	11
43 Malnea	Cass	Blvd.	and	Tremont	St.	 6/15/2018 Colorless Slightly	curved	 11	x	12
44 Tremont	St.	and	Ruggles	St.	 6/15/2018 Yellow	tint	 Slightly	curved	 29	x	14
45 Tremont	St.	and	Whittier	St.	 6/15/2018 Colorless Slightly	curved	 55	x	13
46 Tremont	St.	and	Prentiss	St.	 6/15/2018 Colorless Slightly	curved	 22	x	12
47 Parking	lot	by	Pretntiss	St.	 6/15/2018 Colorless Flat	 13	x	9
48 Malnea	Cass	Blvd.	across	from	Ruggles	Station	 6/15/2018 Colorless Flat	 15	x	17
49A Ruggles	St.	and	Kerr	Pl.	 6/15/2018 Light	blue	tint	 Cubed	 9	x	6
49B Ruggles	St.	and	Kerr	Pl.	 6/15/2018 Dark	blue	 Slightly	curved	 20	x	12
50 Whittier	Wellness	Fitness	Club	 6/15/2018 Colorless Slightly	curved	 40	x	24
51A Raynor	Circle	 6/15/2018 Blue-green	tint	 Cubed	 4	x	4
51B Raynor	Circle	 6/15/2018 Green Flat	 18	x	11
51C Raynor	Circle	 6/15/2018 Colorless Irregularly	curved 26	x	20
52 Ruggles	St.	and	Raynor	Cr.	 6/15/2018 Colorless Curved 36	x	21
53 Behind	BPD 6/15/2018 Dark	blue	 Curved 24	x	20
54 Between	BPD	and	Ruggles	Station	 6/15/2018 Colorless Slightly	curved 18	x	9
55 Tennis	court	behind	BPD 6/15/2018 Colorless Flat 22	x	14
56 Between	tennis	court	and	playground	 6/15/2018 Colorless Flat 15	x	10
57 Basketball	court	behind	BPD 6/15/2018 Colorless Flat 10	x	11
58 Between	BPD	and	basketball	court	 6/15/2018 Colorless Flat 16	x	8
59A Across	160	Ruggles	St.	 6/15/2018 Colorless Flat 15	x	10
59B Across	160	Ruggles	St.	 6/15/2018 Green Flat 12	x	14
60 Across	190	Ruggles	St.	 6/15/2018 Colorless Flat 33	x	20
61 67	Ruggles	St.	 6/15/2018 Colorless Curved 20	x	13
62A 190	Ruggles	St.	 6/15/2018 Black	(green/grey	tint) Flat 8	x	7
62B 190	Ruggles	St.	 6/15/2018 Colorless Flat
19	x	15																										
11	x	6
62C 190	Ruggles	St.	 6/15/2018 Colorless Flat 7	x	8	
63 26	Annunciation	Rd.	 6/15/2018 Colorless Curved 21	x	13
64A 40	Annunciation	Rd.	 6/15/2018 Colorless Flat	w/	curved	edge 20	x	15
64B 40	Annunciation	Rd. 6/15/2018 Colorless Flat 49	x	31
65 50	Annunciation	Rd.	 6/15/2018 Colorless Curved 20	x	13
66 60	Annunciation	Rd.	 6/15/2018 Colorless Flat 34	x	21
67 Albert	St.	near	58	Annunciation	Rd.	 6/15/2018 Colorless Slightly	curved
15	x	15																														
12	x	12
68A Albert	St.	near	Ruggles	St.	 6/15/2018 Colorless Curved 25	x	29
68B Albert	St.	near	Ruggles	St.	 6/15/2018 Green Slightly	curved 35	x	22
68C Albert	St.	near	Ruggles	St.	 6/15/2018 Light	blue	tint	 Flat 39	x	34
69A BPD	parking	lot	 6/15/2018 Colorless Curved 17	x	15
69B BPD	parking	lot	 6/15/2018 Colorless Slightly	curved 36	x	12
70A Opposite	BPD	Tremont	St.	and	Whittier	St.	 6/15/2018 Green Flat 9	x	7
70B Opposite	BPD	Tremont	St.	and	Whittier	St.	 6/15/2018 Blue-grey	tint Slightly	curved 18	x	9
71A Southwest	Corridor	Park	 6/15/2018 Black	(green/grey	tint) Irregularly	cubed 6	x	5
71B Southwest	Corridor	Park	 6/15/2018 Colorless Flat 21	x	13
72 Malcom	X	Rd.	and	Tremont	St.	 6/15/2018 Colorless Flat 43	x	24
73 Opposite	side	Malcom	X	Rd.	and	Tremont	St.	 6/15/2018 Colorless Curved 45	x	29
74 Between	SW	Corridor	Park	and	Malcom	X	Rd.	 6/15/2018 Colorless Flat 19	x	13  
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Sample	No. Thickness	(mm) Transparency	 Fluorescence	at	450	nm Surface	Features
1 7.84 N
2A 7.09 N 	
2B 3.89 N Many	divets	and	scratches.	
3 1.98 Manufacturing	translucence	lines N Several	chips	on	the	edge.	
4A 1.05 N Raised	edge	on	one	side.	
4B 3.32 N Scratches	and	manufacturing	riased	lines	along	one	edge.	
5 4.01 N Curved	manufacturing	marks.	
6 3.86 N
7 3.15 N Multiple	scratches.	
8A 3.16 N Many	scratches	and	divets.	
8B 3.13 N Several	scratches	on	both	sides.	
9 1.81 N Several	scratches	on	both	sides.	
10 2.13 N Scratches	on	both	sides.	
11A 2.45 N A	few	scratches	on	one	side.	
11B 1.67 N
12 3.18 N
13A 3.43 N Several	scratches	on	both	sides.	
13B 3.20 N Several	scratches.	
13C Immeasurable N Several	scratches.	
14A 3.16 N Several	scratches	on	one	side.	
14B 2.29 Manufacturing	translucence	lines N A	couple	prominant	manufacturing	lines.	
15A 2.49 N
15B 2.69 Reflective N Silver	coating	partially	on	one	side.	
16A 2.51 N Scratches	and	divets	on	both	sides.	
16B 2.44 N White	writing	imprinted	on	one	side.	Edges	are	scalloped.	
17A 3.29 One	side	transparent.	One	side	translucent.	 N
17B 2.64 N Some	scratches.	
18A 2.02 N Some	scrachtes	on	one	side.	
18B 3.44 One	side	transparent.	One	side	translucent.	 N
18C 1.65 N Small	manufacturing	raised	edge	on	one	side.	
19 3.65 N
20 2.12 Slightly	translucent N
21 5.47 N A	few	scratches.	
22 2.35 N A	few	scratches.	
23 3.43 Transparent	 N Black	manufacturing	line	on	one	side	of	one	piece.
24 2.18 Slightly	translucent	 N Black	ink	detail	and	white	imprinted	lettering	on	one	side.	
25 3.90 N Numerous	scratches	on	both	sides.	
26 2.52 Translucent	 N
27A 2.40 Translucent	 N A	few	scratches	on	both	sides.	
27B 2.58 Translucent	 N A	few	scratches.	
28 4.92 Manufacturing	translucence	pattern	on	one	side.	 N Some	scratches	on	both	sides.	
29 2.89 N A	few	scratches.	
30A 4.01 Small	dotted	manufacturing	translucence	pattern	on	one	side.	 N A	few	scratches	on	one	side.	
30B 2.26 Slightly	translucent N
31 2.95 N Many	scratches.	
32 2.59 N Some	scratches.	
33 2.64 Slightly	translucent	 N
34 2.27 N Many	scratches.	
35 Immeasurable Manufacturing	translucence	pattern	on	original	side.	 N
36 2.39 N
37 2.67 N
38 4.33 Manufacturing	tanslucence	lines.	 N Scraches	and	divets.	
39 2.87 N Many	scratches.	
40 3.99 Manufacturing	translucence	on	one	side.	 N Some	scratches	on	one	side.	  
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Sample	No. Thickness	(mm) Transparency	 Fluorescence	at	450	nm Surface	Features
41 2.95 One	side	slightly	fluoresced Many	divets	and	scratches.	
42 9.40 N Some	scratches.	
43 3.35 N Manufacturing	circle	indendation	on	one	side.	Many	scratches.	
44 2.09 Reflective N Silver	metallic	coating	on	one	side.	
45 3.17 Manufacturing	translucence	on	one	side.	 N
46 1.83 Slightly	transparent	 N A	couple	divets.	
47 3.73 N Many	divets	and	scratches.	
48 2.20 Manufacturing	translucence	on	one	side.	 N Many	scratches.	
49A 5.81 N
49B 2.39 N Some	scratches	on	both	sides.	
50 4.10 Manufacturing	translucence	on	one	side.	 N A	few	scratches	on	both	sides.	
51A 3.50 N
51B 2.76 N Some	scratches.	
51C 8.75 N Manufacturing	raised	parts	and	small	circular	indents.	
52 4.12 Manufacturing	translucence	within.	 N
53 3.49 N Manufacturing	raised	edge	on	half	of	one	side.	
54 3.46 N Many	scratches	and	divets	on	one	side.	
55 3.49 N Manufacturing	line	indents	on	one	side.	
56 2.63 Translucent N
57 2.57 Translucent N Some	surface	scratches.	
58 2.91 Reflective N Silver	metalic	coating	on	one	side.	
59A 2.04 N Fractures	and	scratches	throughout.	
59B 1.76 N Scratches	on	one	side.	
60 4.33 N Many	scratches	on	both	sides.	
61 2.62 N Manufacturing	raised	edge	on	one	side.	
62A
3.80	(with	coating)	
3.76	(without) Coating	is	opaque.	Glass	is	transparent.	 N
62B 2.11 Blue	opaque	coating	partially	worn	off.	 N Scratches	on	both	sides.	
62C 2.02 Reflective N
Metallic	silver	coating	one	one	side	with	a	blue	colored	
coating	on	the	same	side	partially	worn	off.	
63 2.98 Translucent N A	couple	scratches.	
64A 4.83 N
Some	scratches	and	divets.	Pink,	yellow,	and	blue	colored	dots	
on	a	small	part.	
64B 2.90 Reflective N
Grey	coating	on	one	side	showing	through	as	silver	metallic	
that	is	partially	worn	off.	
65 1.73 Translucent N A	couple	divets.	
66 4.26 N Manufacturing	raised,	curved	lines	on	one	side.	
67 2.43 N
Manufacturing	raised	numbers	"1"	and	"9"	on	one	piece	and	
"0"	on	the	other.	
68A 2.76 One	frosted	side.	 N Some	scratches.	
68B 2.05 N A	few	scratches	on	one	side.	
68C 1.60 N A	few	scratches.	
69A 3.05 N Manufacturing	raised	edge	on	one	side.	Some	scratches.	
69B 2.73 One	frosted	side.	 N
70A 2.31 N Many	scratches.	
70B 2.78 N Many	scratches.	
71A 3.79 N
71B 2.75 N Many	scratches.	
72 4.13 Manufacturing	tanslucence	pattern	on	one	side.	 N Partial	adhesive	on	one	side.	
73 2.72 Translucent N
74 3.67 Translucent N Many	scratches.	  
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Sample	No. Ave.	Match	Temp. Match	Temp.	Range Ave.	RI RI	Range
1 70.12 70.05-70.19 1.51808 1.51805-1.51810
2A 61.27 60.94-61.72 1.52128 1.52111-1.52139
2B 65.35 65.13-65.46 1.51980 1.51976-1.51988
3 66.65 66.47-66.81 1.51933 1.51928-1.51940
4A 75.41 75.28-75.55 1.51617 1.51612-1.51622
4B 61.29 61.17-61.38 1.52127 1.52124-1.52131
5 65.40 65.29-65.51 1.51978 1.51974-1.51983
6 63.40 62.69-63.85 1.52051 1.52034-1.52076
7 91.57 91.31-91.76 1.52976 1.52968-1.52986
8A 66.45 66.38-66.54 1.51941 1.51937-1.51943
8B 60.11 59.66-60.31 1.52170 1.52162-1.52186
9 55.36 55.13-55.49 1.52341 1.52336-1.52350
10 76.75 76.61-76.85 1.51569 1.51565-1.51574
11A 81.45 81.27-81.86 1.51399 1.51384-1.51405
11B 59.07 58.96-59.17 1.52207 1.52203-1.52211
12 60.75 60.60-60.92 1.52147 1.52140-1.52152
13A 71.88 71.70-72.04 1.51744 1.51739-1.51751
13B 60.35 60.10-60.51 1.52161 1.52155-1.52170
13C 64.70 64.52-64.79 1.52004 1.52000-1.52010
14A 71.44 71.34-71.56 1.51760 1.51756-1.51764
14B 61.05 60.33-61.59 1.52136 1.52116-1.52116
15A 64.18 64.06-64.32 1.52023 1.52017-1.52027
15B 65.32 65.22-65.40 1.51981 1.51978-1.51985
16A 62.19 61.82-62.73 1.52094 1.52075-1.52108
16B 67.24 67.18-67.39 1.51912 1.51907-1.51914
17A 62.18 61.97-62.44 1.52095 1.52085-1.52103
17B 62.87 62.71-63.10 1.52070 1.52062-1.52076
18A 63.03 62.92-63.38 1.52064 1.52051-1.52068
18B 60.46 60.24-60.60 1.52157 1.52152-1.52165
18C 61.79 61.60-61.95 1.52109 1.52103-1.52116
19 65.78 65.06-66.38 1.51965 1.51943-1.51991
20 66.67 66.38-66.86 1.51933 1.51926-1.51943
21 66.57 66.47-66.71 1.51936 1.51931-1.51940
22 54.50 54.22-54.62 1.52372 1.52368-1.52382
23 63.14 63.03-63.24 1.52060 1.52057-1.52064
24 68.05 67.74-68.26 1.51883 1.51875-1.51894
25 62.03 61.36-62.71 1.52100 1.52075-1.52124
26 58.43 58.03-59.63 1.52230 1.52187-1.52244
27A 62.59 62.46-62.67 1.52080 1.52077-1.52085
27B 64.71 64.43-64.83 1.52003 1.51999-1.52013
28 64.11 63.95-64.31 1.52050 1.52018-1.52031
29 68.28 68.17-68.46 1.51274 1.51868-1.51879
30A 60.13 59.94-60.49 1.52169 1.52156-1.52176
30B 66.12 65.90-66.24 1.51952 1.51948-1.51960
31 62.17 61.99-62.33 1.52095 1.52089-1.52102
32 60.33 60.06-60.60 1.52162 1.52152-1.52171
33 65.62 65.39-65.73 1.51971 1.51966-1.51979
34 55.93 55.35-56.21 1.52320 1.52311-1.52342
35 63.95 63.06-64.29 1.52031 1.52018-1.52063
36 65.60 65.40-65.71 1.51971 1.51968-1.51978
37 65.33 64.89-65.72 1.51981 1.51967-1.51997
38 59.38 58.95-59.57 1.52196 1.52189-1.5211
39 60.70 60.60-60.83 1.52148 1.52144-1.52152
40 62.04 61.56-62.51 1.52100 1.52083-1.52117  
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Sample	No. Ave.	Match	Temp. Match	Temp.	Range Ave.	RI RI	Range
41 50.11 50.01-50.24 1.52531 1.52526-1.52534
42 68.66 68.46-68.93 1.51861 1.51851-1.51868
43 62.52 62.46-62.60 1.52082 1.52079-1.52085
44 78.02 77.29-78.64 1.51523 1.51501-1.51549
45 60.54 60.26-60.76 1.52154 1.52146-1.52164
46 68.05 67.88-68.14 1.51883 1.51879-1.51889
47 71.47 71.40-71.62 1.51759 1.51754-1.57162
48 60.91 61.81-61.97 1.52105 1.52103-1.52108
49A 66.10 65.92-66.25 1.51953 1.51948-1.51960
49B 62.34 62.13-62.48 1.52089 1.52084-1.52097
50 68.53 68.46-68.64 1.51866 1.51862-1.51868
51A 63.81 63.65-64.05 1.52036 1.52027-1.52042
51B 57.57 57.38-57.76 1.52261 1.52254-1.52268
51C 66.73 66.58-66.85 1.51931 1.51926-1.51936
52 65.90 65.85-65.96 1.51960 1.51985-1.51962
53 63.52 63.42-63.60 1.52046 15.2043-1.52050
54 59.51 59.32-59.60 1.52191 1.52188-1.52198
55 61.22 61.15-61.29 1.52129 1.52127-1.52132
56 64.98 64.85-65.07 1.51994 1.51990-1.51998
57 64.47 64.34-64.64 1.52012 1.52006-1.52017
58 63.52 63.40-63.61 1.52047 1.52043-1.52051
59A 67.34 67.28-67.46 1.51908 1.51904-1.51911
59B 56.19 56.12-56.26 1.52311 1.52308-1.52313
60 66.40 66.26-66.50 1.51942 1.51939-1.51947
61 65.64 65.57-65.68 1.51970 1.51968-1.51973
62A 61.72 61.62-61.86 1.52111 1.52106-1.52115
62B 69.07 69.00-69.18 1.51846 1.51842-1.51848
62C 66.64 66.54-66.75 1.51934 1.51930-1.51937
63 65.18 65.00-65.29 1.51986 1.51982-1.51993
64A 69.58 69.33-69.69 1.51828 1.51823-1.51836
64B 69.52 69.35-69.61 1.51830 1.51826-1.51836
65 63.55 63.38-63.65 1.52045 1.52042-1.52051
66 65.13 65.04-65.25 1.51988 1.51984-1.51991
67 65.25 65.10-65.38 1.51984 1.51979-1.51990
68A 63.29 63.17-63.47 1.52055 1.52048-1.52059
68B 53.52 53.37-53.69 1.52408 1.52401-1.52413
68C 76.97 76.75-77.16 1.51561 1.51554-1.51569
69A 73.86 73.68-74.00 1.51673 1.51668-1.51679
69B 59.72 59.61-59.79 1.52183 1.52181-1.52187
70A 53.28 53.21-53.39 1.52416 1.52412-1.52418
70B 70.24 70.13-70.37 1.51804 1.51799-1.51808
71A 61.80 61.67-61.92 1.52108 1.52104-1.52113
71B 66.42 66.33-66.49 1.51942 1.51939-1.51945
72 63.71 63.65-63.88 1.52040 1.52033-1.52042
73 66.05 65.74-66.26 1.51955 1.51947-1.51966
74 74.69 74.63-74.81 1.51643 1.51639-1.51645  
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APPENDIX A:  GLASS POPULATION STUDY DATA  
Sample	No. O Na Mg Al Si Ca K S Fe Other
1 x x x x x x x
2A x x x x x x x
2B x x x x x x x
3 x x x x x x x
4A x x x x x x x
4B x x x x x x x x
5 x x x x x x x x Ba
6 x x x x x x x x
7 x x x x x x x x x
8A x x x x x x x x
8B x x x x x x x x
9 x x x x x x x
10 x x x x x x x
11A x x x x x x x x Ti
11B x x x x x x x x Ti
12 x x x x x x x
13A x x x x x x x x
13B x x x x x x x x
13C x x x x x x x x Ti
14A x x x x x x x
14B x x x x x x x x
15A x x x x x x x x
15B x x x x x x x x As,	Cl
16A x x x x x x x x
16B x x x x x x x x Sn
17A x x x x x x x x
17B x x x x x x x x x Ti
18A x x x x x x x x
18B x x x x x x x
18C x x x x x x x
19 x x x x x x x x
20 x x x x x x x x Ti
21 x x x x x x x
22 x x x x x x x x Cr
23 x x x x x x x x
24 x x x x x x x x
25 x x x x x x x x
26 x x x x x x x Fe	in	Spectrum	1
27A x x x x x x x
27B x x x x x x x x
28 x x x x x x x x
29 x x x x x x x x Fe	in	Spectrum	3
30A x x x x x x x x
30B x x x x x x x x
31 x x x x x x x x x
32 x x x x x x x x
33 x x x x x x x x
34 x x x x x x x x Cr
35 x x x x x x x x
36 x x x x x x x x
37 x x x x x x x x
38 x x x x x x x x Ba,	Cl,	
39 x x x x x x x x
40 x x x x x x
SEM	(Chemical	Composition)
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Sample	No. x x x x x x
41 x x x x x x x
42 x x x x x x x x x Cl
43 x x x x x x x x Ba
44 x x x x x x x x Cl,	Ba
45 x x x x x x x x Sn
46 x x x x x x x x
47 x x x x x x x x Cl,	Ba
48 x x x x x x x x x Fe	in	Spectrum	2
49A x x x x x x x x x
49B x x x x x x x x
50 x x x x x x x x x Ti
51A x x x x x x x x K	in	Spectrum	1
51B x x x x x x x x
51C x x x x x x x x
52 x x x x x x x x
53 x x x x x x x x x
54 x x x x x x
55 x x x x x x
56 x x x x x x x x
57 x x x x x x x x
58 x x x x x x x Sn
59A x x x x x x x
59B x x x x x x x
60 x x x x x x x
61 x x x x x
62A x x x x x x x
62B
x x x x x x x
P,	Ti	:	Coating	-	O,	Na,	Ca,	
Mg,	Si,	Al,	Ba,	Ti,	Pb	(high	
C)
62C
x x x x x x x x Coating	-	O,	Ca,	Mg,	Ba,	Ti,	
S,	Pb,	(high	C)
63 x x x x x x x x
64A
x x x x x x
Color	-	O,	Si,	(high	C)	and	
Al	in	Spectrum	3
64B
x x x x x x x Coating	-	O,	Ca,	Si,	Mg,	Al,	
Ti,	Ba,	Pb
65 x x x x x x x x
66 x x x x x x x
67
x x x x x x x
68A x x x x x x x
68B x x x x x x x x Fe	in	Spectrum	3
68C x x x x x x x
69A x x x x x x
69B x x x x x x x Frosted	-	same	
70A x x x x x x x
70B x x x x x x x
71A x x x x x x x
71B x x x x x x
72 x x x x x x
73 x x x x x
74 x x x x x x x  
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APPENDIX B:  SEM IMAGES  
Figure 1. Glass Sample 1 SEM Image  Figure 2. Glass Sample 2A SEM Image 
  
Figure 3. Glass Sample 2B SEM Image  Figure 4. Glass Sample 3 SEM Image 
  
Figure 5. Glass Sample 4A SEM Image  Figure 6. Glass Sample 4B SEM Image 
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Figure 7. Glass Sample 5 SEM Image  Figure 8. Glass Sample 6 SEM Image 
  
Figure 9. Glass Sample 7 SEM Image  Figure 10. Glass Sample 8A SEM Image 
  
Figure 11. Glass Sample 8B SEM Image  Figure 12. Glass Sample 9 SEM Image 
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Figure 13. Glass Sample 10 SEM Image  Figure 14. Glass Sample 11A SEM Image 
  
Figure 15. Glass Sample 11B SEM Image  Figure 16. Glass Sample 12 SEM Image 
  
Figure 17. Glass Sample 13A SEM Image  Figure 18. Glass Sample 13B SEM Image 
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Figure 19. Glass Sample 13C SEM Image  Figure 20. Glass Sample 14A SEM Image 
  
Figure 21. Glass Sample 14B SEM Image  Figure 22. Glass Sample 15A SEM Image 
  
Figure 23. Glass Sample 15B SEM Image  Figure 24. Glass Sample 16A SEM Image 
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Figure 25. Glass Sample 16B SEM Image  Figure 26. Glass Sample 16B-2 SEM Image 
  
Figure 27. Glass Sample 17A SEM Image  Figure 28. Glass Sample 17B SEM Image 
  
Figure 29. Glass Sample 17B-2 SEM Image  Figure 30. Glass Sample 18A SEM Image 
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Figure 31. Glass Sample 18B SEM Image  Figure 32. Glass Sample 18C SEM Image 
   
Figure 33. Glass Sample 19 SEM Image  Figure 34. Glass Sample 20 SEM Image 
   
Figure 35. Glass Sample 21 SEM Image  Figure 36. Glass Sample 22 SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 37. Glass Sample 23 SEM Image  Figure 38. Glass Sample 23-2 SEM Image 
   
Figure 39. Glass Sample 24 SEM Image  Figure 40. Glass Sample 25 SEM Image 
  
Figure 41. Glass Sample 26 SEM Image  Figure 42. Glass Sample 27A SEM Image 
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Figure 43. Glass Sample 27B SEM Image  Figure 44. Glass Sample 28 SEM Image 
   
Figure 45. Glass Sample 29 SEM Image  Figure 46. Glass Sample 29-2 SEM Image 
  
Figure 47. Glass Sample 30A SEM Image  Figure 48. Glass Sample 30B SEM Image 
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Figure 49. Glass Sample 31 SEM Image  Figure 50. Glass Sample 32 SEM Image 
  
Figure 51. Glass Sample 33 SEM Image  Figure 52. Glass Sample 34 SEM Image 
  
Figure 53. Glass Sample 35 SEM Image  Figure 54. Glass Sample 36 SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 55. Glass Sample 37 SEM Image  Figure 56. Glass Sample 38 SEM Image 
  
Figure 57. Glass Sample 38-2 SEM Image  Figure 58. Glass Sample 39 SEM Image 
  
Figure 59. Glass Sample 40 SEM Image  Figure 60. Glass Sample 41 SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 61. Glass Sample 42 SEM Image  Figure 62. Glass Sample 43 SEM Image 
  
Figure 63. Glass Sample 44 SEM Image  Figure 64. Glass Sample 45 SEM Image 
  
Figure 65. Glass Sample 46 SEM Image  Figure 66. Glass Sample 47 SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 67. Glass Sample 48 SEM Image  Figure 68. Glass Sample 49A SEM Image 
  
Figure 69. Glass Sample 49B SEM Image  Figure 70. Glass Sample 50 SEM Image 
  
Figure 71. Glass Sample 50-2 SEM Image  Figure 72. Glass Sample 51A SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 73. Glass Sample 51B SEM Image  Figure 74. Glass Sample 51C SEM Image 
     
Figure 75. Glass Sample 52 SEM Image  Figure 76. Glass Sample 53 SEM Image 
      
Figure 77. Glass Sample 54 SEM Image  Figure 78. Glass Sample 55 SEM Image 
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APPENDIX B:  SEM IMAGES  
Figure 79. Glass Sample 56 SEM Image  Figure 80. Glass Sample 57 SEM Image 
     
Figure 81. Glass Sample 58 SEM Image  Figure 82. Glass Sample 59A SEM Image 
    
Figure 83. Glass Sample 59B SEM Image  Figure 84. Glass Sample 60 SEM Image 
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Figure 85. Glass Sample 61 SEM Image  Figure 86. Glass Sample 62A SEM Image 
    
Figure 87. Glass Sample 62B SEM Image  Figure 88. Glass Sample 62C SEM Image 
    
Figure 89. Glass Sample 63 SEM Image  Figure 90. Glass Sample 64A SEM Image 
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Figure 91. Glass Sample 64B SEM Image  Figure 92. Glass Sample 64B-2 SEM Image 
    
Figure 93. Glass Sample 65 SEM Image  Figure 94. Glass Sample 66 SEM Image 
    
Figure 95. Glass Sample 67 SEM Image  Figure 96. Glass Sample 68A SEM Image 
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Figure 97. Glass Sample 68B SEM Image  Figure 98. Glass Sample 68C SEM Image 
    
Figure 99. Glass Sample 69A SEM Image  Figure 100. Glass Sample 69B SEM Image 
    
Figure 101. Glass Sample 69B-2 SEM Image Figure 102. Glass Sample 68A SEM Image 
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Figure 103. Glass Sample 70B SEM Image  Figure 104. Glass Sample 71A SEM Image 
    
Figure 105. Glass Sample 71B SEM Image  Figure 106. Glass Sample 72 SEM Image 
    
Figure 107. Glass Sample 73 SEM Image  Figure 108. Glass Sample 74 SEM Image 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 1. Glass Sample 1 Elemental Spectra   
 
 
Figure 2. Glass Sample 2A Elemental Spectra 
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Figure 3. Glass Sample 2B Elemental Spectra 
 
 
Figure 4. Glass Sample 3 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 5. Glass Sample 4A Elemental Spectra 
 
 
Figure 6. Glass Sample 4B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 7. Glass Sample 5 Elemental Spectra 
 
 
Figure 8. Glass Sample 6 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 9. Glass Sample 7 Elemental Spectra 
 
 
Figure 10. Glass Sample 8A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 11. Glass Sample 8B Elemental Spectra 
 
Figure 12. Glass Sample 9 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 13. Glass Sample 10 Elemental Spectra 
 
Figure 14. Glass Sample 11A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 15. Glass Sample 11B Elemental Spectra 
 
Figure 16. Glass Sample 12 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 17. Glass Sample 13A Elemental Spectra 
 
Figure 18. Glass Sample 13B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 19. Glass Sample 13C Elemental Spectra 
 
Figure 20. Glass Sample 14A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 21. Glass Sample 14B Elemental Spectra 
 
Figure 22. Glass Sample 15A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 23. Glass Sample 15B Elemental Spectra 
 
Figure 24. Glass Sample 16A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 25. Glass Sample 16B Elemental Spectra 
 
Figure 26. Glass Sample 16B-2 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 27. Glass Sample 17A Elemental Spectra 
 
Figure 28. Glass Sample 17B Elemental Spectra 
 
 
88 
APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 29. Glass Sample 17B-2 Elemental Spectra 
 
Figure 30. Glass Sample 18A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 31. Glass Sample 18B Elemental Spectra 
 
Figure 32. Glass Sample 18C Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 33. Glass Sample 19 Elemental Spectra 
 
Figure 34. Glass Sample 20 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 35. Glass Sample 21 Elemental Spectra 
 
Figure 36. Glass Sample 22 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 37. Glass Sample 23 Elemental Spectra 
 
Figure 38. Glass Sample 23-2 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 39. Glass Sample 24 Elemental Spectra 
 
Figure 40. Glass Sample 25 Elemental Spectra 
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Figure 41. Glass Sample 26 Elemental Spectra 
 
Figure 42. Glass Sample 27A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 43. Glass Sample 27B Elemental Spectra 
 
Figure 44. Glass Sample 28 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 45. Glass Sample 29 Elemental Spectra 
 
 
Figure 46. Glass Sample 29-2 Elemental Spectra 
 
 
 
97 
APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 47. Glass Sample 30A Elemental Spectra 
 
Figure 48. Glass Sample 30B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 49. Glass Sample 31 Elemental Spectra 
 
Figure 50. Glass Sample 32 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 51. Glass Sample 33 Elemental Spectra 
 
Figure 52. Glass Sample 34 Elemental Spectra 
 
 
100 
APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 53. Glass Sample 35 Elemental Spectra 
 
Figure 54. Glass Sample 36 Elemental Spectra 
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Figure 55. Glass Sample 37 Elemental Spectra 
 
 
Figure 56. Glass Sample 38 Elemental Spectra 
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Figure 57. Glass Sample 38-2 Elemental Spectra 
 
 
Figure 58. Glass Sample 39 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 59. Glass Sample 40 Elemental Spectra 
 
 
Figure 60. Glass Sample 41 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 61. Glass Sample 42 Elemental Spectra 
 
 
Figure 62. Glass Sample 42-2 Elemental Spectra 
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Figure 63. Glass Sample 43 Elemental Spectra 
 
Figure 64. Glass Sample 44 Elemental Spectra 
 
 
106 
APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 65. Glass Sample 45 Elemental Spectra 
 
Figure 66. Glass Sample 46 Elemental Spectra 
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Figure 67. Glass Sample 47 Elemental Spectra 
 
Figure 68. Glass Sample 48 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 69. Glass Sample 49A Elemental Spectra 
 
Figure 70. Glass Sample 49B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 71. Glass Sample 50 Elemental Spectra 
 
Figure 72. Glass Sample 50-2 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 73. Glass Sample 51A Elemental Spectra 
 
Figure 74. Glass Sample 51B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 75. Glass Sample 51C Elemental Spectra 
 
Figure 76. Glass Sample 52 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 77. Glass Sample 53 Elemental Spectra 
 
Figure 78. Glass Sample 54 Elemental Spectra 
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Figure 79. Glass Sample 55 Elemental Spectra 
 
Figure 80. Glass Sample 56 Elemental Spectra 
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Figure 81. Glass Sample 57 Elemental Spectra 
 
Figure 82. Glass Sample 58 Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 83. Glass Sample 59A Elemental Spectra 
 
Figure 84. Glass Sample 59B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 85. Glass Sample 60 Elemental Spectra 
 
Figure 86. Glass Sample 61 Elemental Spectra 
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Figure 87. Glass Sample 62A Elemental Spectra 
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Figure 88. Glass Sample 62B Elemental Spectra 
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Figure 89. Glass Sample 62C Elemental Spectra 
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Figure 90. Glass Sample 62C Coating Elemental Spectra 
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Figure 91. Glass Sample 63 Elemental Spectra 
 
Figure 92. Glass Sample 64A Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 93. Glass Sample 64B Elemental Spectra 
 
Figure 94. Glass Sample 64B Coating Elemental Spectra 
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Figure 95. Glass Sample 65 Elemental Spectra 
 
Figure 96. Glass Sample 66 Elemental Spectra 
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Figure 97. Glass Sample 67 Elemental Spectra 
 
Figure 98. Glass Sample 68A Elemental Spectra 
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Figure 99. Glass Sample 68B Elemental Spectra 
 
Figure 100. Glass Sample 68C Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 101. Glass Sample 69A Elemental Spectra 
 
Figure 102. Glass Sample 69B Elemental Spectra 
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APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
Figure 103. Glass Sample 69B Frosted Elemental Spectra 
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Figure 104. Glass Sample 70A Elemental Spectra 
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Figure 105. Glass Sample 70B Elemental Spectra 
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Figure 106. Glass Sample 71A Elemental Spectra 
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Figure 107. Glass Sample 71B Elemental Spectra 
 
Figure 108. Glass Sample 72 Elemental Spectra 
 
 
APPENDIX C:  OVERLAPPING ELEMENTAL SPECTRA 
130 
Figure 109. Glass Sample 73 Elemental Spectra 
 
Figure 110. Glass Sample 74 Elemental Spectra 
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 APPENDIX D:  ASSESSMENT STUDY GLASS EXAMINATION WORKSHEET 
Figure 1.  Unknown 1 Glass Examination Worksheet results analyzed by Analyst 1. 
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APPENDIX D:  ASSESSMENT STUDY GLASS EXAMINATION WORKSHEET 
Figure 2.  Unknown 2 Glass Examination Worksheet results analyzed by Analyst 1. 
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APPENDIX D:  ASSESSMENT STUDY GLASS EXAMINATION WORKSHEET 
Figure 3.  Unknown 3 Glass Examination Worksheet results analyzed by Analyst 1. 
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Figure 4.  Unknown 1 Glass Examination Worksheet results analyzed by Analyst 2. 
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APPENDIX D:  ASSESSMENT STUDY GLASS EXAMINATION WORKSHEET 
Figure 5.  Unknown 2 Glass Examination Worksheet results analyzed by Analyst 2. 
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APPENDIX D:  ASSESSMENT STUDY GLASS EXAMINATION WORKSHEET 
Figure 6.  Unknown 3 Glass Examination Worksheet results analyzed by Analyst 2. 
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APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 1.  Unknown 1 Glass Examination Analysis Results compiled by Analyst 1. 
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APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 2.  Unknown 2 Glass Examination Analysis Results compiled by Analyst 1. 
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APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 3.  Unknown 3 Glass Examination Analysis Results compiled by Analyst 1. 
  
140 
APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 4.  Unknown 1 Glass Examination Analysis Results compiled by Analyst 2. 
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APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 5.  Unknown 2 Glass Examination Analysis Results compiled by Analyst 2. 
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APPENDIX E:  ASSESSMENT STUDY GLASS EXAMINATION ANALYSIS 
RESULTS 
Figure 6.  Unknown 3 Glass Examination Analysis Results compiled by Analyst 2. 
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